Abstract: Effect of HTPB (Hydroxy-terminated polybutadiene) microstructure on HTPB-PU (HTPB based polyurethane network) were investigated. These evaluations were carried out by mean of several characterization like measurement of gel point, mechanical properties, hardness, cross link density measurement and thermal analysis like STA (TG-DTA). The results showed that polyurethane synthesized from HTPB prepolymer containing higher amount of cis and trans microstructure i.e. Grade II exhibited better pot life, good mechanical properties and thermal stability with higher cross link density.
Introduction
In the 1960s, HTPB (Hydroxy-terminated polybutadiene) was developed and its first test in rocket motors had been conducted in 1972 which showed advantages over CTPB (Carboxyl-terminated polybutadiene) [1] . HTPB has since become the most widely used state-of-art composite propellant binder with excellent mechanical and increased IM (Insensitive  munitions) properties. Several commercially available explosives are used with the HTPB in propellant formulation [2] . HTPB has also been used for various other applications. HTPB based polyurethanes have been studied by several authors for the separation of organic compounds for selective adsorption of proteins and for selective gas transport properties [3] [4] [5] . HTPB has also been successfully used for the fabrication of elastic conducting polymer micro-particles with core-shell structure [6] . Several authors have studied the shock response behaviors of the HTPB polyurethane with and without energetic materials [7] [8] [9] . The excellent shock absorbing capacity of the HTPB polyurethane drastically reduces the sensitivity and vulnerability of the explosive materials.
In recent time, an immense attention has been given to improve the mechanical properties of HTPB-PU (HTPB based polyurethane) [10] [11] [12] [13] [14] [15] [16] [17] . For example, Wingborg et al. [18] . had used diol as chain extender and different diisocyanate as curing agent and investigated its impacts on mechanical properties. They achieved highest tensile strength with Desmodur-W (H12MDI) and 1, 4-BDO (Butane diol). Tao [19] have modified the HTPB-PU by introducing PTMG (Polytetrahydrofuran glycol) into the PU backbone. Chen [20] and Okamoto [21] had studied mechanical properties of HTPB-PU blend with other polymer. Some scientists [12, [22] [23] [24] had put their attention on IPNs (interpenetrating polymer networks) technology to improve mechanical properties of HTPB-PU. So far, most of published works on HTPB-PU based IPNs had been focused on linear one-dimensional polymers, such as poly-methyl methacrylate [10] , poly-methacrylic acid B ester [11] , polystyrene [12] , Poly-(ethylene oxide) [22] and polyethylene glycol [23] .
To improve the HTPB-PU properties, microstructure i.e. cis, trans and vinyl of HTPB also plays a vital role. The flow characteristics of the HTPB and the mechanical properties of the corresponding polyurethane depend upon the concentration ratio of microstructures present in the sample. Though it looks like a simple molecule but its structure is really complex. HTPB has three different types of microstructures and their relative percentage of microstructure in a given sample depends upon the polymerization condition by which it was synthesized. The three possible configurations of microstructures are: (a) cis configuration (Fig. 1a) where both the CH 2 groups are on the same side of the double bond and become close to each other, (b) trans configuration (Fig. 1b) where they are on the opposite sides and quite apart and (c) 1, 2 vinyl configuration (Fig. 1c) which again leads three types of isomerism viz. isotactic (Fig. 2a) , syndiotactic ( Fig. 2b) and atactic (Fig. 2c) . It has a double bond in each repeated unit −(CH 2 -CH=CH-CH 2 ) n −. The viscosity of the HTPB prepolymer increases with increase in vinyl content. The mechanical properties such as tensile strength, percentage elongation of the corresponding polyurethane show significant improvement with increasing cis, trans content and decreasing vinyl content [25, 26] . Each of these double bonds provides a site for a steric isomerism, depending on whether the CH 2 groups attached to the carbon atoms on either side of the double bond are close to or away from each other.
In practice however, polymerization to 100% cis or 100% trans is extremely difficult and usually obtain, mixture of 1, 4-cis, 1, 4-trans and 1, 2-vinyl configurations, randomly distributed throughout the chain length.
An ideal HTPB should have trans: cis: vinyl in the ratio 55:25:20. As a rule of thumb, increasing the trans content generally increases the tensile strength of the cured polymer, increasing the cis content normally increase the elongation and increased vinyl content leads to increase in viscosity of uncured polymer matrix because the presence of pendant vinyl group acts as a anchor and prevents the molecular slippage i.e. flow is restricted. Moreover, if a polymer contains more vinyl group, more prone to ageing (hardening) during storage, because a possible cross linking may occur between vinyl group and nearby double bond.
The objective of this paper is to study the effect of microstructures on various properties of HTPB-PU by means of rheology, crosslink density, hardness, mechanical properties and STA (simultaneous thermal analysis). Table 1 
Processing
Polyurethane formulation was mixed in 700 g batch level using a vertical planetary mixer of 1 lit capacity. All batches were mixed and cast under vacuum by slurry cast techniques [27] . The polymer was cured at 60 º C for 2-4 days in a water-jacketed oven. The polymer compositions comprised of three different HTPB. The polymers were subjected to various performance tests.
Characterization
Rheometer (Model-Stresstech Make-Rheologica instrument AB, Sweden) was used to study the gelpoint and curing behaviour. The curing profile of different grades of HTPB with hexamethylene diisocyanate curing agent were recorded by the rheometer to locate the gel point during curing reaction.
Tensile specimens were punched out from the sheets. The tests were carried out as per the ASTM D-638 method in a universal testing machine (UTM, Model: Hountsfield H25KS, UK). Specimen is held between two separate anchoring positions, which are given relative motion with respect to each other. Force at anchor point against their displacement is poltted and various mechanical properties like tensile strength, modulus and elongation are calculated. Tensile properties reported here were the averages of five samples. The test was conducted on the UTM at a rate of crosshead movement of 50 mm/min.
Hardness of the specimens were carried out as per the ASTM D-2240 method in Hardness tester shore D (Ranges: 0 to 100 D Nos, Indenter: Sharp cone, Graduation: 1 shore DNos, Check gauge: 50 hore D Nos).
Crosslink density [28] was measured by swelling experiments. These experiments were conducted on small rectangular (approximately 20 × 10 × 2 mm) specimens of the synthesized PU's in toluene at room temperature for one week. A swelling time of one week was chosen as the basis of the test results on several samples which showed no significant changes after one week of immersion in toluene. At the end of the immersion period, the sample was removed, rapidly blotted with tissue and transferred to the weighing bottle to obtain the swollen weight of the sample. The crosslink density was calculated, based on the values of Vr and V. obtained, using equation: Crosslink density, network chain per gram
where, Vp = 1/(1 + Q), Q is the ratio of the weight of solvent in the swollen polymer (X·Dp) and the Weight of polymer (X·Do). Here Vp is volume fraction of polymer in the swollen polymer, X is huggins polymer-solvent interaction constant, Dp is density of polymer (g/cm 3 ), Vo is molar volume of solvent (cm 3 /mol) and Do is density of solvent (g/cm 3 ).
Simultaneous thermogravimetric analyser (STA, Model no: SDTQ 660, Make: TA instruments, USA) was used to measure the heat flow and weight changes associated with the phase/physical state transitions and endothermic decomposition of materials over the temperature range. The test has been carried out between ambient to 1,000 º C with a heating rate of 20 º C/min was chosen.
Results and Discussion
Polyurethane reaction is very sensitive to moisture. Diisocyanate or triisocyanate can reacts with moisture rapidly. Hence the effective curative concentration for curing reaction becomes lower. This would result inferior mechanical property. Thus, an exhaustive analysis of the raw materials must be carried out before preceding further.
The curing profiles were studied with different grade of HTPB with HMDI. The corresponding graphical representations were given in Fig. 3 . According to the curing profile, it was found that sample (b) i.e. HTPB Gr. 2 + HMDI having higher gel point (approx. 93 min) compare to the other two composition. It indicates that HTPB Gr. 2 have higher potlife due to less vinyl content and lower molecular weight distribution. In presence of vinyl microstructure and broad molecular weight distribution, cross linking reaction occur at much faster rate, hence gel point time decreases. In HTPB Gr. 1 (approx. 86 min) vinyl content is very high and molecular weight distribution is broad, hence gel point should be the lowest. Experimental finding supports the above explanation regarding the gel point. In HTPB Gr. 3 gel time was found to be intermediate value (approx.80 min)
In Table 2 , Different polyurethane sheets show variation in tensile strength, elongation. HTPB (Gr.
2)-PU sample shows remarkable higher mechanical Fig. 4 (a), (c) properties i.e. tensile strength (4.64 ksc), elongation (104.5%) compare to other two samples. The outcome of this result depicts that mechanical properties of the end product are dependent on the microstructure concentration ratio of HTPB. Fig. 4a , c, and e show DTA graphs of different HTPB-PU samples. The corresponding traces are given in Table 3 . Different PU samples show comparable exotherm temperature but HTPB (Gr. 2)-PU shows higher endotherm temperature compare to other two samples indicates higher stability of HTPB (Gr. 2)-PU. Fig. 4b, d and f depict TGA graphs of various PU sample. The corresponding data were highlighted in Table 4 . HTPB (Gr. 2)-PU shows higher weight loss at the last stage compare to other samples, these indicate better stability at high temperature. This result supports DTA results.
The crosslink density measurement results were given in Table 5 . The results show comparable cross link densities of three sample (1.5 × 10 -1 ~ 3 × 10 -1 ).
HTPB (Gr. 2)-PU shows relatively lower crosslink density compare to other two samples due to presence of higher cis, trans microstructure compare to vinyl. With increase of vinyl concentration, number of crosslinks increase drastically.
Conclusions
The various techniques like gel point measurement, mechanical properties, hardness, crosslink density measurement and STA (TGA-DTA) were used in this investigation lead to conclude the effect of microstructure on HTPB based polyurethane network. Different grades HTPB have different concentration of microstructure (cis, trans and vinyl). The remarkable variation in PU properties were also observed with respect to mechanical properties, thermal properties and crosslink density. HTPB (Gr. 2)-PU shows improved mechanical properties with better thermal stability and crosslink density compared to other two samples. Hence, HTPB (Gr. 2) is relatively superior as HTPB prepolymer for HTPB-PU network than the other two samples of HTPB prepolymer.
